Background: Highly virulent enterohemorrhagic Escherichia coli O157:H7 strains possess three sodC genes encoding for periplasmic Cu, Zn superoxide dismutases: sodC, which is identical to the gene present in non-pathogenic E. coli strains, and sodC-F1 and sodC-F2, two nearly identical genes located within lambdoid prophage sequences. The significance of this apparent sodC redundancy in E. coli O157:H7 has not yet been investigated.
Background
Enterohemorrhagic Escherichia coli (EHEC), including strains of the highly virulent O157:H7 serotype, is responsible for a wide spectrum of diseases ranging from mild diarrhoea to hemorrhagic colitis and the potentially fatal haemolytic uremic syndrome (HUS) [1] . EHEC colonizes the large intestine mucosa, where it causes characteristic attaching and effacing lesions on intestinal epithelia and produces the potent Shiga toxins which are responsible for the major symptoms of hemorrhagic colitis and HUS [2] . The severity of the disease, the lack of effective treatments to decrease the morbidity and mortality associated to infections and the risks of large-scale outbreaks from contaminated food supplies have stimulated intensive research on the pathogenesis and detection of E. coli O157:H7 [3, 4] . Shiga toxins play a major role in EHEC pathogenesis, but an increasing number of additional virulence factors has been described in recent years. The sequencing of E. coli O157:H7 genomes [3, 4] has revealed that several potential virulence-associated genes are carried by mobile genetic elements, such as plasmids or prophages, or are localized within pathogenicity islands. In fact, although this organism shares 4.1 Mb of DNA with E. coli K12, it has 1.34 Mb of DNA distributed among 177 DNA segments, termed O islands, that are absent in E. coli K12 [3] .
Genome analysis have also revealed the presence of three sodC genes in E. coli O157:H7, encoding for periplasmic copper, zinc superoxide dismutases (Cu,ZnSOD) [3, 4] . Cu,ZnSOD is an important component of the antioxidant defence of aerobic organisms which catalyzes the dismutation of the highly reactive superoxide radical anion into oxygen and hydrogen peroxide [5] . In Gram-negative bacteria Cu,ZnSODs are localized in the periplasm [6] . As the negatively charged superoxide anion can not easily cross membranes, it has been suggested that the role of this enzyme is to detoxify the periplasmic space from superoxide generated during aerobic growth [7] and/or to protect bacteria from extracellular sources of reactive oxygen species, such as phagocytic cells [6, 8] . Although Cu,ZnSOD is present in several non-pathogenic bacteria, thus indicating that this enzyme has functions unrelated to the hostmicrobe interaction, different studies have established that it contributes to virulence by protecting pathogens from the oxidative burst of host macrophages ( [9] and references therein).
One of the three sodC copies of E. coli O157:H7 is localized on a chromosomal backbone sequence which is shared with E. coli K12 and it is homologous to the sodC gene from this microorganism. In contrast, the other two sodC genes, which encode nearly identical proteins differing for only one amino acid, are embedded within the sequences of two lambdoid prophages (denominated CP-933R and CP-933V in the EDL933 strain) [3, 4] .
The presence of multiple sodC copies within a single bacterial genome is not unique to E. coli O157:H7 and a similar condition has been described in Salmonella enterica. In fact, many of most virulent Salmonella strains possess a bacteriophage-encoded sodC copy (sodCI) in addition to the chromosomal sodCII gene, which is present in all Salmonella strains [10] . A number of studies have established that sodCI significantly contributes to Salmonella virulence, whereas sodCII has a modest role in pathogenesis [9, [11] [12] [13] . Recent studies have shown that differences in gene regulation and in the activity and stability of the two Cu,ZnSODs account for the major contribution of the bacteriophage-encoded SodCI enzyme to Salmonella virulence [9] . Based on these studies it is tempting to speculate that the prophage-associated sodC genes might play a role in O157:H7 virulence.
In this work, we have undertaken an investigation on the regulation of the different sodC genes of E. coli O157:H7 and on the structural/functional properties of the encoded proteins. Our results point out to differences in gene regulation and in the physico-chemical properties of the enzymes, suggesting that the phage-associated sodC genes encode enzyme variants optimized to resist the harsh environmental conditions encountered by bacteria within the infected host.
Methods

Reagents
Antibiotics, bovine serum albumin, isopropyl β-D-thiogalactopyranoside (IPTG), pyrogallol, Triton-X114, Triton-X100 and cell culture products were purchased from Sigma-Aldrich. Restriction endonucleases, DNA-modifying enzyme and the High-Fidelity Expand DNA polymerase were obtained from Roche, Euro Taq DNA polymerase were obtained from EuroClone (Milan, Italy), Pfu DNA polymerase DNA polymerase from Promega. All other chemicals were purchased from BDH and were of the highest grade available. The oligonucleotides were synthesized by Primm (Milan, Italy).
Bacterial strains and growth conditions
All the bacterial strains used in this work are listed in Table 1 . The E. coli O157:H7 ED597 strain is a clinical human isolate connected to a HUS case (kindly provided from Dr. S. Morabito, Department of Food Safety and Veterinary Public Health, Istituto Superiore di Sanità, Rome). Unless otherwise specified, bacteria were grown at 37°C in Luria-Bertani (LB) medium (1% bacto tryptone w/v, 0.5% yeast extract w/v, 1% NaCl w/v) or in LB medium solidified with 1.5% (w/v) agar. Anaerobic growth was achieved in GasPack anaerobic jars using LB broth con-taining 0.2% glucose. When required, the culture media were supplemented with the appropriate antibiotics (ampicillin 100 μg/ml; kanamycin 50 μg/ml; chloramphenicol 30 μg/ml or 15 μg/ml for E. coli K12 and E. coli O157:H7, respectively).
Construction of deletion mutants
In this work the two prophagic sodC genes will be designed as sodC-F1 and sodC-F2. Further details about such a nomenclature are reported in the first paragraph of the results section.
All gene replacement experiments were carried out by the lambda-red-mediated recombination procedure as described by Datsenko and Wanner [14] . Briefly, a fragment containing chloramphenicol resistance cassette was amplified from plasmid pKD3 [14] using primers (H5P1 and H6P2 or H7P1 and H8P2) with sequence extensions complementary to the target sequences (Table 2 ) and electroporated in the E. coli ED597 strain carrying pKD46 [14] . Recombinants were selected on chloramphenicol LB plates and confirmed by PCR using the internal chloramphenicol cassette oligonucleotide Clo-int as reverse primer and oligonucleotides 120ATGcoli-F, 240ATG-F1 or 240ATG-F2 as forward specific primer for the screening of sodC, sodC-F1 or sodC-F2 null mutants, respectively. The mutant strains lacking the chromosomal sodC or the prophagic sodC-F genes, were designated RG101 (ΔsodC::cat), RG102 (ΔsodC-F1::cat) and RG103 (ΔsodC-F2::cat), respectively.
The same procedure was employed to obtain the double ΔsodC-F1/ΔsodC-F2 prophagic null mutant, after deletion of the chloramphenicol resistance cassette from the strain RG102, using the FLP recombinase encoded by plasmid pCP20 [14] . After electroporation of the same fragment previously used to construct the single ΔsodC-F2::cat mutant into strain RG102 carrying pKD46, recombinants were selected on chloramphenicol LB plates. Deletion of sodC-F2 was confirmed by PCR, using the oligonucleotides Clo-int and 240ATG-F2. The ΔsodC-F1/ΔsodC-F2 mutant strain was designated RG104. Subsequently, the PCR fragment amplified with H7P1 and H8P2 primers, was electroporated into the RG104 deleted of the antibiotic resistance cassette, in order to construct a triple sodC mutant strain. Recombinants were selected on chloramphenicol LB plates and confirmed by PCR using oligonucleotides 120ATGcoli-F and Clo-int. The resulting ΔsodC-F1/ΔsodC-F2/ΔsodC::cat strain was designated RG105.
To further verify the deletion of the genes, all the knockout strains were analyzed by Southern-blot, in comparison with wild type E. coli O157:H7 ED597 (data not shown). Genomic DNAs were digested with ClaI, fractioned on 1% agarose gels and blotted onto nitrocellulose membrane (Hybond N, Amersham). PCR fragments obtained with oligonucleotides specific for sodC-F1 or sodC-F2, sodC, and chloramphenicol genes (Table 2) were labelled using digoxigenin DNA labelling and detection kit (Roche). Hybridisation was performed at 49°C. The hybridisation patterns observed in all strains confirmed the correct introduction of mutations.
Construction of sodC-lacZ fusions and β-galactosidase assay
To analyze the transcriptional regulation of sodC and sodC-F genes, the promoter region of sodC-F gene (corresponding to the 299 bp before the translation start site) was amplified by PCR using the oligonucleotides PromEDLFor and PromEDLRev ( Table 2 ). The amplified DNA fragment was digested with EcoRI and BamHI and inserted upstream of a promoter-less lacZ gene into the promoter probe plasmid pMC1403 [15] , obtaining pMCPromO157. The construction of plasmid pMCPromEcSOD, obtained by introducing the E. coli K12 sodC promoter (identical to chromosomal sodC promoter by E. coli O157:H7) in pMC1403, has been previously described [16] .
pMCPromEcSOD and pMCPromO157 were introduced into E. coli QC771 and QC1110 [16] and the β-galactosidase activity was measured by a described procedure [17] .
Epitope tagging of the sodC genes and immunodetection
Addition of 3xFLAG epitope tails at the ends of sodC genes was carried out according to a described procedure [18] . Briefly, a fragment containing the 3xFLAG epitope and kanamycin or chloramphenicol resistance cassette was amplified using oligonucleotides 3xFLAGcoli-F and 3xFLAGcoli-R on plasmid pSUB11 [18] or pSUB12 as template, respectively. pSUB12 is a derivative of pSUB11, which was obtained by the substitution of the original kanamycin resistance cassette with a XbaI-XbaI fragment from pKD3, carrying the chloramphenicol resistance cassette. These DNA fragments were independently electroporated into E. coli ED597 strain carrying pKD46; transformants were selected on LB plates containing the appropriate antibiotics. Recombination events were confirmed by PCR using the oligonucleotides 120ATGcoli-F and Kan-R or Clo-int ( Table 2 ). The resulting strains were designated RG-F106 (sodC::3xFLAG-kan) and RG-F107 (sodC::3xFLAG-cat).
The same procedure was employed to construct RG-F108 (sodC-F1::3xFLAG-kan) and RG-F109 (sodC-F2::3xFLAG-kan) strains. In these cases, an identical PCR fragment, obtained with oligonucleotides 3xFLAG-F and 3xFLAG-R2 on pSUB11, was used to generate both the tagged strains. The same DNA fragment was also inserted into the RG-F106 (previously deleted of the kanamycin cassette) or RG-F107 strains, to obtain the doubly tagged strains RG-F110 (sodC::3xFLAG/sodC-F1::3xFLAG-kan) and RG-F111 (sodC::3xFLAG-cat/sodC-F2::3xFLAG-kan). Recombinations were confirmed by PCR using primers 240ATG-F1 or 240ATG-F2 and Kan-R on strains RG-F108, RG-F109, RG-F110 and RG-F111, while the couple of primers 120ATGcoli-F and Clo-int was used on RG-F110 and RG-F111.
sodC genes expression was analyzed using the epitopetagged strains as a function of growth phase, at different temperatures of growth (25°C or 37°C), in bacteria cultivated in presence or absence of oxygen. Preparation of bacterial lysates from western-blot and immunodetection with anti-FLAG monoclonal antibodies (Sigma) was carried out as described [18] . Briefly, bacteria were harvested by centrifugation; pellets were resuspended in H 2 O, immediately mixed with Laemmli lysis buffer [19] and boiled for 10 minutes. The resulting lysates were quickly centrifuged to remove cell debris and subjected to 15% SDS-PAGE. Proteins were blotted onto nitrocellulose membrane (Hybond C, Amersham) and probed with antibodies. The epitope-flagged proteins were immunodetected by the use of anti-FLAG M2 monoclonal antibodies (Sigma-Aldrich) as the primary antibody and antimouse HRP-conjugated IgG (Bio-Rad) as the secondary antibody. Detection was performed by enhanced chemiluminescence (ECL Advance, Amersham).
Cell culture studies
Synthesis of epitope-tagged SodC and SodC-F proteins was analyzed both in adherent and intracellular bacteria recovered from Caco-2 cells. Caco-2 cells (from a human colonic carcinoma) were maintained in D-MEM containing glucose 1 g/l, supplemented with 4 mM L-glutamine, 1% non-essential amino acids (NEAA) and 10% foetal calf serum in a humidified atmosphere of 5% CO 2 at 37°C.
Infections of Caco-2 cells were performed essentially as previously described [20, 21] . Confluent monolayers of epithelial cells were infected with RG-F111 strain (approximately 5 × 10 8 CFU/ml) grown overnight a 37°C in LB broth. Monolayers were then incubated in a humidified atmosphere of 5% CO 2 at 37°C for 5 h. The inoculum was removed and the monolayer was washed (3×) with HBSS to remove non-adherent bacteria. Finally, the monolayer was disrupted by incubation with a solution of 1% Triton-X100 in PBS to release bacteria. The number of adherent bacteria was determined by plating 10-fold serial dilutions onto LB agar plates. Released bacteria were prepared for immunoblotting analysis as described above. For invasion studies, bacteria were allowed to adhere as described for 2 h at which point, the monolayers were washed twice with 37°C HBSS, then overlaid with cell culture medium supplemented with 100 μg/ml gentamicin and incubated for additional 3 h. The monolayers were then disrupted to release intracellular bacteria and CFU/ml determined.
Isolation of E. coli O157:H7 EDL933 sodC-F1 and sodC-F2 and construction of expression vectors
The sequences corresponding to sodC-F1 and/or sodC-F2 genes of E. coli O157:H7 EDL933 were isolated by PCR amplification, using the chromosomal DNA (obtained from ATCC 700927D) as a template and the oligonucleotides O157-1For (which encompasses the ATG starting site) and O157-1Rev (downstream the translation stop codon) ( Table 2 ). The amplified DNA fragments (about 560 bp) were digested with EcoRI and HindIII and inserted in the corresponding sites of pEMBL18 [22] to obtain pO157-F1 and pO157-F2, where the sodC-F1 and sodC-F2 coding sequences are under control of the lacZ promoter.
To analyze the properties of the signal peptide of prophagic E. coli O157:H7 SodC-F, the nucleotide sequence encoding the mature portion (lacking the signal peptide) of sodC-F1 was amplified with the oligonucleotides O157-2For and O157-2Rev, using pO157-F1 as a template. The amplified DNA fragment (about 470 bp) was digested with NcoI and EcoRI and cloned in pHEN-1 [23] , obtaining the plasmid pO157-ΔCys encoding the mature prophagic enzyme lacking the leader sequence. In this vector the sequence encoding prophagic Cu,ZnSOD is fused to the leader peptide from the pelB gene of Erwinia carotovora.
Extraction of lipid associated proteins
Soluble and membrane-associated proteins from E. coli 71/18 [24] harbouring pEMBL18, pPLpEMBL18 [25] , pO157-F1 or pO157-ΔCys were extracted as previously described [26, 27] .
Briefly, 200 μl of overnight cultures were inoculated into 10 ml of Luria-Bertani medium containing ampicillin (100 μg/ml), and the cultures were grown to a OD 600 of 0.5 at 37°C. Then, IPTG, CuSO 4 and ZnSO 4 were added to a final concentration of 0.1 mM, 0.25 mM and 25 μM, respectively, and the cells were incubated for additional 3 hours at 37°C. Subsequently, bacterial cells (1.2 × 10 10 ) were harvested by centrifugation (10000 × g, 5 min, at 4°C), washed with 1 ml of ice cold 10 mM sodium phosphate buffer, pH 7.0, suspended in 0.8 ml of the same buffer and sonicated. Cell debris was removed by centrifugation at 25000 × g for 10 min (repeated twice), and the supernatant, including membranes and cytosolic proteins, was subjected to Triton-X114 partitioning [26, 27] . Triton-X114 and NaCl were added at a final concentration of 2% and 150 mM, respectively. The suspension was incubated overnight at 4°C on a rotating platform. Then, insoluble material was removed by centrifugation at 13000 × g for 10 min at 4°C. Subsequently, the temperature was raised to 37°C and the detergent and aqueous phases were separated by centrifugation at 13000 × g for 10 min at room temperature. The upper aqueous and lower detergent phases were both re-extracted once. Proteins from the detergent phase were recovered by precipitation with acetone (10 vol) at -20°C and resuspended in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1% Triton-X100.
The same procedure was used also to separate soluble and membrane-associated epitope-tagged proteins from E. coli O157:H7 strains. Proteins were subsequently separated by SDS-PAGE and analyzed by western blot.
Protein expression and purification
Recombinant SodC was purified as described previously [28] . Soluble recombinant prophagic SodC-F1 was expressed and purified from the periplasm of E. coli QC871 [29] bearing the plasmid pO157-ΔCys. Bacteria were grown at 37°C in Luria-Bertani (LB) broth supplemented with ampicillin (100 μg/ml). When bacterial cells reached the mid-log phase, SodC-F1 expression was induced by the addition of 0.1 mM IPTG, 0.25 mM CuSO 4 and 25 μM ZnSO 4 . After 16 h of growth, cells were harvested by centrifugation and the periplasmic proteins were extracted as described previously [30] . Proteins were extensively dialyzed against 20 mM Tris-HCl, pH 7.4, injected into a Hi-Load™16/10 Q-Sepharose fast protein liquid chromatography column (Amersham Biosciences), and fractionated with a 0-0.2 NaCl linear gradient. Subsequently, fractions containing the prophagic SodC-F1 protein were concentrated and dialyzed against 20 mM potassium phosphate buffer, pH 7.0 and subjected to cationic exchange chromatography on a Hi-Load™ 16/10 SP Sepharose (Amersham Biosciences) using a 0-0.2 NaCl linear gradient. Fractions containing the SodC-F were concentrated and dialyzed against 100 mM sodium phosphate buffer, pH 7.0, containing 1.5 M ammonium sulphate and loaded onto a Hi-Load™ Phenyl Sepharose FPLC column (Amersham Biosciences). Finally, the sample was concentrated to a small volume, dialyzed against 150 mM NaCl, 20 mM Tris-HCl, pH 7.4, and then injected into a Hi-Load™ 16/60 FPLC Superdex 75 gel filtration column (Amersham Biosciences) and eluted with the same buffer. At this stage, the protein appeared to be > 98% homogeneous, as judged by SDS-PAGE analysis. Protein concentration was evaluated by the method of Lowry [31] using bovine serum albumin as a standard. Paramagnetic copper content was determined by double integration of EPR spectra using a Cu(II)-EDTA solution as standard.
Assays
Superoxide dismutase activity was assayed by the pyrogallol method [32] . One unit is defined as the amount of Cu,ZnSOD necessary to achieve 50% inhibition of pyrogallol autoxidation.
Proteinase K susceptibility of Cu,ZnSODs from E. coli O157:H7 ED597 was assayed incubating proteins at a concentration of 0.1 mg/ml at 37°C in 20 mM Tris-HCl, pH 6.8 or 8.0, in the presence of 0.1 mg/ml proteinase K. Aliquots were withdrawn at the indicated times and immediately assayed by the pyrogallol method to measure residual activity [32] .
EDTA-dependent inactivation of Cu,ZnSODs was analyzed essentially as previously described [30] . Cu,ZnSOD samples at a concentration of 0.04 mg/ml were incubated at 37°C in 20 mM Tris-HCl, 0.1 mM EDTA, pH 6.8 or 8.0. Aliquots were withdrawn at different times and immediately assayed for residual activity by pyrogallol method [32] .
To analyze susceptibility of deletion mutants to hydrogen peroxide, overnight bacterial cultures grown on LB medium were washed in PBS, diluted to 10 6 cells/ml and incubated in presence or absence of 250 μM hydrogen peroxide at 37°C. Aliquots were removed after 1 h and the number of viable cells was determined by serial dilution and plating onto LB agar. The percent survival following hydrogen peroxide exposure was calculated for each strain by the ratio of the CFU obtained upon incubation in PBS and the CFU obtained upon incubation in hydrogen peroxide. Each assays was repeated at least sixteen times, and standard deviations and Student's test were calculated.
Differential scanning calorimetry
Heat capacity versus temperature profiles were obtained with a VP-DSC differential scanning calorimeter (MicroCal. Inc., Northampton, MA). Protein samples were dissolved at 0,2-0,4 mg/ml concentration, dialyzed against 0.1 M potassium phosphate buffer at the appropriate pH and degassed before the calorimetric experiment. The reference cell was filled with degassed dialysis buffer. Both cells were kept under an excess pressure of ~30 psi (~200 kPa) to avoid bubbling during the scan. A scan rate of 60°C/h was used in all the experiments. At the end of each run the solutions were cooled and subjected to a second heating cycle under the same conditions to determine the reversibility of the transitions. After each scan, samples were analyzed for integrity by SDS-PAGE and for residual activity using the pyrogallol method [32] . Thermograms were corrected by subtracting the instrumental base line, obtained with both cells filled with the same solvent, and normalized for protein concentration. Data analysis was performed with the ORIGIN software provided by Micro-Cal, after subtraction of a cubic base line connecting the pre-and post-transition traces.
Results
The complete genome sequencing of the two E. coli O157:H7 epidemic strains EDL 933 [3] and Sakai [4] has revealed, in addition to the sodC gene typical of all E. coli strains, the presence of two sodC genes located in lambdoid prophage sequences. The two prophagic genes (sodC-F1 and sodC-F2) are identical except for a T/C mutation at nucleotide 335 downstream the ATG start codon, causing the replacement of a leucine residue (sodC-F1) with proline (sodC-F2). The mature proteins encoded by these two prophagic genes show reduced homology (61% identity), but similar size to the protein encoded by the chromosomal gene (155 and 154 amino acids, respectively). Also the regions that surround the two coding sequences are very similar and only a few mismatches are presents. Some of these are located around the nucleotides 240 and 550 upstream the start codon, and around nucleotide 500 downstream the stop codon. These regions have been chosen to design primers able to discriminate between the sodC-F1 and sodC-F2 genes in E. coli ED597 strain.
We have found that the nucleotide sequence of the DNA fragments amplified with the primers 550F1b and 500STOP1R and with the primers 550F2b and 500STOP2R (Table 2 ) on the genomic DNA from E. coli ED597 show a perfect identity with the sodC-F1 and sodC-F2 sequences of the EDL 933 strain, thus indicating a strict conservation of the sodC genes in these two bacterial strains.
sodC expression studies Expression of E. coli O157:H7 sodC genes was indirectly analyzed by monitoring protein accumulation in strains, which were modified by introducing the sequence encoding for the 3xFLAG epitope at the 3'end of each sodC gene within the chromosome. No differences in the accumulation of proteins were observed between strains RG-F108 and RG-F109, indicating that the two prophagic sodC genes, which share identical promoter sequences, are coregulated (data not shown). In contrast, differences in the intracellular amount of SodC and SodC-F proteins were observed under different conditions. To better appreciate the relative differences in expression between sodC and sodC-F, we constructed strains which bear the epitopetagged copy of sodC and sodC-F1 (RG-F110 strain) or of sodC and sodC-F2 (RG-F111 strain). The relative abundance of epitope-flagged SodC and SodC-F proteins was measured in bacteria cultivated in LB broth under different conditions and in cultured epithelial cells.
As shown in Figure 1 (panel A) both the enzymes are maximally expressed in the stationary phase, with SodC accumulation being hardly detectable in bacteria in the exponential phase of growth. In contrast, SodC accumulates at levels higher than those of SodC-F2 in bacteria recovered from starved cultures incubated for 48 hours at 37°C. Similar results were observed in RG-F106, RG-F107 and RG-110 confirming that there are not differences in the accumulation pattern of SodC-F1 and SodC-F2 (data not shown).
Abundance of SodC and SodC-F1/SodC-F2 was analyzed also in anaerobic cultures and as a function of the temperature of growth (25°C or 37°C) (Figure 1, panel B) . The accumulation of SodC and SodC-F1/SodC-F2 is somehow altered either in bacteria cultivated at 37°C under anaerobic conditions (lane 1) or at 25°C in presence of oxygen (lane 3), but, apparently, the expression of SodC is much more affected by such conditions compared to SodC-F1 and SodC-F2.
As previous studies have revealed that sodC is regulated by the alternative sigma factor rpoS either in E. coli K12 [7] or in S. Typhimurium [10] , we have studied gene expression with plasmids bearing fusions between the sodC and sodC-F1/sodC-F2 promoters and the β-galactosidase coding sequence, introducing these plasmids into wild type (QC771) and rpoS mutant (QC1110) E. coli strains. We have observed that the expression of sodC is drastically reduced in the rpoS mutant strain, whereas sodC-F is not regulated by this alternative sigma factor (data not shown).
To examine the levels of SodC and SodC-F proteins in adherent and intracellular bacteria, Caco-2 cells were infected with strain RG-F111. Panel C of Figure 1 compares the relative abundance of SodC and SodC-F2 in the bacterial lysates of stationary phase culture used to infect the cultured cells (lane 1), in adherent bacteria (lane 2) or intracellular bacteria harvested from epithelial cells 5 h post-infection (lane 3). A densitometric analysis of SodC-F2 and SodC abundance indicates that the relative ratio between the two proteins is close to 1.6 in bacteria grown in LB medium. SodC-F2 intracellular concentration is slightly enhanced in adherent bacteria (2.72), but significantly increases in intracellular bacteria, where, 5 hours post-infection, it is 6.57 folds more abundant than SodC.
Susceptibility of sodC-mutants to hydrogen peroxide
To investigate the role of Cu,ZnSOD in protection from exogenous oxidative stress, the effect of hydrogen peroxide on the survival of wild type and mutant strains. Experiments were carried out with bacteria grown to the stationary phase, to ensure the efficient expression of all sodC genes. Figure 2 shows that, upon a challenge with 250 μM hydrogen peroxide, all the mutant strains were killed at significantly higher rates with respect to the wild type strain. No significant differences were observed between the RG101, RG104 and RG105 strains, indicating the absence of an additive effect of sodC and sodC-F1/sodC-F2 deletion.
Lipid modification signal in SodC-F1/SodC-F2
The extracytoplasmic localization of bacterial Cu,ZnSODs is directed by typical signal peptide sequences recognized by specific membrane-associated peptidases. Signal peptidase I (SpI) removes the leader sequence from proteins which are to be exported in the periplasmic space or secreted in the extracellular milieu, while signal peptidase II (SpII) removes the leader peptide from lipid-modified precursor of exported proteins, which are targeted to the periplasmic inner and outer membranes. The N-terminal region of most SodC proteins from Gram-negative bacteria shows the typical features of the signal peptides recognized by SpI [33] , whereas the signal sequences of mycobacterial SodC proteins are recognized by SpII [27] . Analysis of the amino acids sequences of SodC-F1 and SodC-F2 through the Lipo P program http:// www.cbs.dtu.dk/services/LipoP/ showed that the leader peptide sequence of the two prophage encoded sodC genes possess features compatible with processing either by SpI or by SpII (Figure 3 ). SpI could cut the peptide between residues 20 and 21, whereas SpII could recognize Figure 4 panel A shows that, while all the SodC-F1 protein expressed from cells bearing pO157-ΔCys is released in a soluble form in the periplasmic space (lanes 3 and 7) , the protein expressed from the strain containing plasmid pO157-F1 is present both in the soluble (lane 2) and in the detergent phases (lane 6).
This results were confirmed by analysis of soluble and lipid-associated epitope-tagged proteins extracted from cells grown for 24 h incubation at 37°C from wild type, RG-F106 and RG-F108 E. coli O157:H7 strains. In fact, as shown in figure 4 strains (data not shown). Thus, prophagic SodC-F1/SodC-F2 is present in the periplasmic space of E. coli O157:H7 either as a soluble protein or as a lipid-modified membrane protein.
Biochemical characterization of prophagic SodC-F1
SodC-F1 and SodC-F2 have nearly identical amino acids sequences. Therefore we have cloned, overexpressed and characterized only one of the two proteins, namely SodC-F1. The apparent molecular weight of SodC-F1 determined by gel filtration chromatography is close to 30.6 kDa, roughly corresponding to the molecular weight expected for a dimeric enzyme (data not shown). As the only amino acidic difference between SodC-F1 and SodC-F2 does not involve a residue located at the dimer interface, it is likely that heterodimers between the two proteins may form in vivo. In contrast, SodC is a monomeric enzyme [34] .
Previous studies have established that bacterial monomeric Cu,ZnSODs have quite different functional features with respect to dimeric enzymes of the same class [9, 35] . For example, the S. enterica SodCI and SodCII proteins show remarkable differences in specific activity, protease resistance, metal affinity and peroxidative activity, with dimeric bacteriophage-encoded SodCI exhibiting superior stability and activity to monomeric SodCII [9] . To further analyze this issue, we have performed a detailed comparison of the in vitro biochemical properties of the two Cu,ZnSODs from E. coli O157:H7.
While eukaryotic Cu,ZnSODs are highly resistant to proteolytic attack, all bacterial Cu,ZnSODs show susceptibility to proteolysis, monomeric variants showing higher sensitivity [9, 35, 36] . In agreement with previous investigations, we have found that dimeric SodC-F1 is highly resistant to proteinase K digestion, while monomeric SodC is rapidly inactivated both at pH 6.8 and 8.0 ( Figure  5 ).
Unlike the eukaryotic enzymes which stably bind the active site metals, bacterial Cu,ZnSODs easily lose their cofactors and are therefore irreversibly inactivated in presence of EDTA [9, 35, 37, 38] . The EDTA-mediated inactivation rates of bacterial enzymes depend on pH, being faster at alkaline pH [9, 35, 37] and on the quaternary structure stability [9, 39] . Figure 6 shows the inactivation rates of SodC and SodC-F1 enzymes in 0.1 mM EDTA, 20 mM Tris-HCl, pH 6.8 (panel A) and pH 8.0 (panel B). Monomeric SodC from E. coli O157:H7 is rapidly inactivated, and the loss of activity is greater at pH 8.0 than at pH 6.8. On the contrary, SodC-F1 activity is not affected by incubation in the presence of EDTA, independently of pH.
As differences in the quaternary structures can influence Cu,ZnSOD activity, possibly through modulation of the active site conformational flexibility, we analyzed the catalytic activity of SodC and SodC-F1 by the pyrogallol method [32] . The monomeric SodC enzyme displays an activity of 6290 U/mg, while SodC-F1 shows an activity of 19380 U/mg.
The thermal stability of the monomeric and dimeric E. coli O157:H7 Cu,ZnSODs was investigated by differential scanning calorimetry (DSC) under standardized experimental conditions (100 mM phosphate buffer, pH 6.0 and 7.8). The DSC profiles of the dimeric SodC-F1 protein are characterized by a single peak, which is centered around 87°C at pH 6.0 and around 78°C at pH 7.8 ( 
Soluble Detergent
Soluble Detergent enzyme is highly reversible. In contrast, the thermogram of monomeric SodC is the sum of two independent twostate transitions, which have been previously shown to correspond to the apo and holo forms of the enzyme [37] .
The transition corresponding to the most stable holoenzyme, is centered around 77°C at pH 6.0 and around 64°C at pH. 7.8 ( Figure 7 , panel B).
Discussion
Besides E. coli O157:H7, the presence of more than one sodC gene has been already described in several, although not all, S. enterica strains [10, 40] . Genomic sequencing projects have revealed the presence of multiple sodC genes also in Mycobacterium avium 104 (NC_008595), in the radioresistant bacterium Deinococcus radiodurans [41] and in the ancient microaerofilic bacterium Aquifex aeolicus [42] . Moreover, by an analysis of still incomplete genomes http://www.ncbi.nlm.nih.gov/sutils/ genom_table.cgi we have observed that other E. coli strains, including the atypical enteropathogenic E. coli strains E110019 (serotype O111:H9) and B171 (serotype O111:NM) and the metal and antibiotic resistant environmental E. coli strain SECEC SMS-3-5 possess additional sodC copies showing high similarity with the E. coli O157:H7 sodC-F. In all the above mentioned microorganProteinase K susceptibility of SodC and SodC-F Inactivation of either the chromosomal sodC gene or sodC-F1 and sodC-F2 genes strongly decreases bacterial resistance to a challenge with hydrogen peroxide. This result, which is in line with previous studies carried out with different microorganisms [43] [44] [45] , indicates that Cu,ZnSODs contribute to E. coli O157:H7 resistance against exogenous reactive oxygen species. However, the mutant strain lacking all the three sodC genes is not more susceptible to hydrogen peroxide than the strains lacking sodC or sodC-F1/sodC-F2. A similar lack of additivity of sodC mutations was previously observed in experiments carried out with S. Cholaeresuis sodC mutants [46] . It was suggested that a threshold level of superoxide dismutase activity is required to confer efficient protection against superoxidemediated toxicity [46] . In this connection, it should be reminded that several studies have demonstrated that sodC mutants are not killed by exogenous superoxide but, although Cu,ZnSOD has no direct role in hydrogen peroxide scavenging, they are much more sensitive than wild type strains to treatments with hydrogen peroxide [43, 44, 47] . To explain the role of Cu,ZnSOD in hydrogen peroxide resistance it has been suggested that this oxidizing agent can react with superoxide generated within the periplasmic space to form the highly toxic hydroxyl radical via the Haber-Weiss reaction (H2O2 + O2 -→ O2 + OH -+ OH.) [43] . Although this reaction proceeds slowly in the absence of a catalyst it can be stimulated by redox active metals which might be released in the periplasm due to hydrogen peroxide-mediated damage of metalcontaining proteins [43] . It is possible that, under the very aggressive conditions represented by incubation of bacteria with high concentrations of hydrogen peroxide, the presence of all the Cu,ZnSODs is necessary to protect cellular targets which can be readily inactivated even by small amounts of hydroxyl radical formed in the periplasm of sodC mutants.
To evaluate the hypothesis that the presence of multiple Cu,ZnSODs in E. coli O157:H7 reflects differences in the regulation and/or in properties of the enzymes encoded by chromosomal and prophagic sodC genes, we have analyzed the intracellular accumulation of the epitope-tagged SodC and SodC-F proteins. We have observed that the chromosomally encoded SodC protein is mainly expressed during the stationary phase, under control of RpoS, and that its intracellular concentration is drastically reduced under anaerobic conditions or in bacteria cultivated at 25°C. This pattern of expression is very similar to that of SodC in non-pathogenic E. coli strains or of SodCII in Salmonella [9, 10, 44] . In contrast, the SodC-F proteins, while accumulating at maximal levels in starved cells, are detectable also in bacteria in the logarithmic phase and are not regulated by RpoS. Unlike SodC, SodC-F expression is not largely affected by oxygen. On the whole, the protein expression pattern of SodC-F is very similar to that Temperature dependence of the molar heat capacity of SodC and SodC-F Figure 7 Temperature dependence of the molar heat capacity of SodC and SodC-F. Baseline-subtracted thermograms obtained at pH 6.0 and 7.8 for SodC-F (panel A) and SodC (panel B). Solid lines represent heating to 100°C, while dotted lines represent a second cycle of heating, after cooling to 10°C.
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Cp (Kcal/mole/°C) SodC-F1 SodC previously described for the prophage-encoded Salmonella SodCI protein [9] . The match with the pattern of expression of the sodC genes of Salmonella was further completed by the observation that in intracellular bacteria recovered from Caco-2 cells the relative ratio between SodC and SodC-F was changed in favor of SodC-F. This could be due to differences in gene transcription and/or to a differential stability of the two enzymes in intracellular environments. To explore this possibility we have carried out a characterization of some functional/structural properties of the two proteins.
A first difference we have identified between SodC and SodC-F concerns their exact intracellular localization. As the Cu,ZnSODs from other Gram-negative bacteria, SodC is a fully soluble periplasmic protein. In contrast, a fraction of SodC-F is found in association to the bacterial membrane, likely due to processing of the signal peptide sequence by signal peptidase II. A similar lipid-modification of a superoxide dismutase has been previously reported for the enzyme from M. tuberculosis [27] which, however, lacks a true periplasmic space. Although, putative signal peptidase II cleavage sites have been previously recognized also in the Cu,ZnSODs from S. enterica [27] and Burkholderia cenocepacia [48] , this is the first identification of a membrane-associated Cu,ZnSOD in a Gramnegative bacterium. It should be underlined that, the signal peptide of SodC-F is only partially processed by signal peptidase II, whereas a significant fraction of the enzyme is released in the periplasm following the removal of the transit peptide by signal peptidase I. It is tempting to speculate that such a partitioning of SodC-F between the periplasm and the membranes is useful to ensure a better protection of bacteria from exogenous radicals.
We have also compared some properties of purified SodC and SodC-F1. SodC-F1 shows higher catalytic activity than SodC. Moreover, dimeric SodC-F1 displays much higher resistance than monomeric SodC to inactivation mediated by proteolytic enzymes or by chelating agents. These properties are correlated with the higher conformational stability of SodC-F1 revealed by differential scanning calorimetry. In fact, we have observed a difference between the melting temperatures of the two enzymes of 10°C and 14°C at pH 6.0 and 7.8, respectively. It is worth nothing that the melting temperature of SodC-F1 is significantly higher than that of the dimeric bacterial enzyme from Photobacterium leiognathi [49] and approaches the values observed in the eukaryotic enzymes of this class [37] , indicating that this is a very stable Cu,ZnSOD.
Taken together our data highlights a striking parallelism between the properties of E. coli O157:H7 SodC-F and those of Salmonella SodCI. In fact, both these genes have been acquired by virulent bacterial strains through bacteriophage-mediated processes, they show differences in their pattern of expression when compared to the chromosomal sodC gene and encode for dimeric proteins which are more stable and active than the monomeric SodC-enzyme.
Although further studies are required to clarify the exact role of the Cu,ZnSODs in E. coli O157:H7, this investigation supports the suggestion [9] that the chromosomally encoded SodC protein, which is present in all E. coli genomes, has a function that is largely unrelated to pathogenesis and likely protects the cell from endogenous superoxide produced during the aerobic metabolism. In contrast, the sodC genes carried by prophages, which can be identified only in a subset of bacterial strains, codify for proteins which have structural and regulatory features which likely favour bacterial survival within the hostile environments encountered during the infection.
Conclusion
This work demonstrates that the sodC genes of E. coli O157:H7 are differently regulated and encode for proteins with distinct structural and functional properties, thus indicating that their functions are not truly redundant. These findings contribute to establish that the acquisition of additional sodC copies within bacterial genomes helps bacteria to expand their ability to withstand the reactive oxygen species generated within the host or in other hostile environments. 
